Development of living organisms is characterized by self-organization, which results in ordered cell and tissue patterns. Xylem formation in callus tissue may serve as a model to study these phenomena. Applying auxin on the apical transverse cut surface of willow shoot segments stimulates the proliferation of callus with an unorganized cell arrangement. In some areas of callus, the cells form an ordered system and partly differentiate into tracheary elements. Below the cut surface a zone of initially unorganized parenchymatous cells is produced by the cambium. Later, some of the cells formed ordered arrangements giving rise to differentiation in xylem rays with a subsequent layer of normal wood. Digital image processing software based on a structure tensor revealed a more coherent orientation of the cellular pattern in the callus region close to the cambial zone in the cut shoot surface, compared with the areas at further distances near the outer parts of the callus ring. Differentiation of tracheary xylem elements occurs mostly in the regions where a higher degree of cellular ordering in parenchyma tissue is observed. Digital image analysis is a useful tool for the quantitative estimation of subtle changes of cellular ordering in various regions of regenerating tissue. Wider application of this tool may open new opportunities in studies of the complex mechanisms that control morphogenetic patterns in plants.
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INtrODUctION the control mechanisms of morphogenetic processes involved in the development of secondary xylem in woody plants can be considered from various points of view and analyzed using different approaches. Studies on the regenerative processes that occur in the injured plant tissues and organs are of particular interest in understanding these mechanisms. Woody plants, similar to other living organisms, are capable of developing increasingly complex systems. this directly translates into the morphological and anatomical structure of cells, tissues and organs (Oborny 2004; Barthelemy & caraglio 2007) . this capability is typical for regeneration processes, during which it is manifested in its most characteristic form (Biggs 1986; de Klerk et al. 1997; Nishitani et al. 2002; Du et al. 2006) . Regeneration first of all means the restoration of tissue function, and requires a certain form to be generated within the morphogenetic potential of a plant. to trigger the process of regeneration, a signal inducing a chain of morphogenetic events must be recognized.
It is thought that knowing the factors that control signal perception is essential to understanding growth and regeneration processes in plants in general. the cambium plays a key role in plant growth reactions (Larson 1994; Lachaud et al. 1999) . Also, in both woody and herbaceous dicot plants, the flow of phytohormones, which induce specific divisions in the cambium, is of great importance (Sablowski 2007). Many studies have set out to identify the specific genes and proteins responsible for morphogenetic reactions (Zhang et al. 2000; Plomion et al. 2000 Plomion et al. , 2001 tocquard et al. 2014) . research is also being conducted on the anatomical factors related to a given cambial reaction, such as plasmodesmatal network density (Fuchs et al. 2011) , which changes at various stages and leads to different types of meristematic reactions.
Many questions in this area remain unanswered. It is known, however, that coordinating the processes of growth and differentiation requires the presence of a mechanism that integrates morphogenetic processes at various levels of plant organization. this mechanism can be linked to the concept of morphogenetic field, which can also be explored by the methods of digital image analysis. the objective of the present study was to investigate the role of positional control of tracheary element differentiation during both callus formation and the regeneration of secondary willow shoot tissues. Special attention was paid to the cellular ordering within the callus tissue in relation to differentiation of tracheary elements. So far, the issue of cellular ordering in morphogenetic processes was raised mainly by authors studying animal and micro-organism systems, characterized by cells with an ability to move and form various geometric patterns (Klebe et al. 1991; Volfson et al. 2008) . However, in the case of plant cells, which are commonly thought to be immobile, intrusive growth of plant cells enables positional adjustments of adjoining cells (Lev-Yadun 2001) . In addition, although the problem of cellular ordering during plant development has been discussed by many authors dealing with plant anatomy (e.g. Fahn 1990; romberger et al.1993; Hejnowicz 2002) , there is a deficiency of quantitative assessments of cellular ordering.
callus, as a parenchymatous tissue in which xylem and phloem can originate, appears to be a suitable model for investigating these phenomena. In addition, a disruption of the continuity of stem tissues can affect cells not only on the wound's surface but also in some tissues located at a certain distance from the wound. the present work focuses on the cellular ordering and xylogenesis in callus formed on the apical surface of transversely cut young shoots of Salix alba and also in the shoot region just below the cut surface. the selection of white willow for the experiments was mainly driven by the highly regenerative capacity of this tree species. to measure the local ordering of cellular arrangement, the method of digital image analysis based on a structure tensor can be used. It has recently been shown that this technique may be useful for the evaluation of cellular pattern ordering during morphogenetic processes in plants. the method was successfully applied to pattern analysis and cellular ordering in the area where tissues were regenerating after longitudinal stem wounding of adult Scots pine trees (Zajączkowska 2014a) and during the overgrowth process of transverse surfaces of Douglas fir stumps (Zajączkowska 2014b ).
MateRIalS anD MetHODS

Stem segment cultures
White willow (Salix alba L.) shoots were collected in April. the shoots, 15-25 mm in diameter, were cut transversely into 15-cm-long sections. Lanoline paste with auxin (IAA at conc. 1.0% w/w) or lanoline without auxin was applied to the apical surface of the shoot segments, which were then covered with aluminum foil. the basal ends of the shoot segments were placed in containers with water and kept at 21°c in dispersed sunlight during the day and halogen light after dark. the experiment, which used 46 replicate stem segments with IAA and 10 control segments without IAA, started on April 10. After 14 days of cultivation, 2-cm-long apical fragments were cut off of 30 shoots with IAA treatment and 10 control shoots with no IAA applied, together with the calluses that had formed, and these were studied under the microscope. Newlyformed tissues from below the cut surface were studied in both the shoots that were cultivated for two weeks and also in the 6 additional shoots with IAA that were kept in the culture for eight weeks.
Microscopic observations
Microscopic examinations were carried out on 30-μm-thick sections, cut with a sliding microtome. the presence of lignin was tested with the phloroglucinol-Hcl reaction. An Olympus optical UV microscope with integrated cell^P software was used for the anatomical investigations. the photomicrographs were used to determine the cellular ordering in developing tissues by digital image analysis.
Measurement of cellular ordering
Analyses of cellular ordering seen in the microscopic sections were based on a structure tensor which is commonly used in the field of digital image processing (Jahne 1993; Bigun et al. 2004) . the OrientationJ image processing tool, which is an ImageJ plug-in, was used. OrientationJ was originally developed for the measurement orientation of elastin fibres in human cerebral arteries (Fonck et al. 2009 ). It was then used to analyze collagen orientation in arterial adventitia (rezakhaniha et al. 2012) as well as to measure cellular ordering in regenerating plant tissues (Zajączkowska 2014a, b) . a structure tensor is defined for each pixel as the 2×2 positive matrix. the tensor is calculated for each pixel by computing the continuous spatial derivatives in the principal directions x and y using cubic B-spline interpolation (Unser et al. 1993) . Dominant directions in the environment of a pixel gradient and coherency coefficients for the chosen regions of image can then be calculated (Jahne 1993) . a coherency coefficient close to 1, geometrically represented as a slender ellipse, indicates highly oriented structures, while a coherency coefficient close to zero, represented as a circle, denotes no preferential orientation (isotropic areas). the OrientationJ software also outputs a colour-coded map, which shows the predominant angles of the oriented structures to the coordinates selected for the image. In the case of this study, the angle orientations
were measured with respect to the image frames' horizontal axis. the OrientationJ plug-in and ImageJ macros used in the present studies are available online at http:// bigwww.epfl.ch/demo/orientation.
rESULtS
Callus on the shoots' cut surface
After 14 days of cultivation, a doughnut-shaped layer of callus of 2-5 mm formed on the wound surface at the apical end of all 30 shoots where IAA with lanoline paste had been applied. the callus developed above the areas of the cambial zone, the phloem and the youngest xylem layers (Fig. 1A, B) . It was also noted that after two weeks of culture, the shoot diameter gradually increased (up to 6 mm), starting at 15 mm below → Figure 2 . cellular organization of callus formed on apical transverse cut wound surface of willow stem shoots treated with IAA after two weeks of culture. the sections were cut perpendicularly with respect to the shoots' longitudinal axis and stained with phloroglucinol-HCl for lignified cell walls. -A: typical sections of calluses at about 150 μm above the cut surfaces of three shoots; radial arrangements of tracheary elements' lignified cell walls (arrows). -B: tissue sector marked by arrow on a (left section) under higher magnification; radially oriented clusters of tracheary elements (te) above the shoot cambium (position indicated by arrow). -c: cluster of tracheary elements (te) surrounded by parenchymatous cells; the tracheary elements resemble vessel elements. -D: Section of callus further above the cut shoot surface (about 500 μm); within the region of unorganized parenchymatous callus tissue, some cells differentiated into tracheary elements with lignified cell walls (arrows); the black circle indicates the position of vascular cambium at the shoot surface of the callus. -E: colour-coded maps of local predominant cellular angle orientations in the callus regions seen in D; numerical values for angle orientations (degrees) and coherency coefficients for four pairs of sample points on the callus tissue; (1-4) and (1'-4')-samples located close and at farther distances from the cambial region on the cut shoot surface, respectively. -Scale bars: 2500 μm in A; 1000 μm in B; 100 μm in c; 3500 μm in D and E. the cut surface and extending in the direction of the stem's wound surface. At the apical cut surface of the control shoots, where the lanoline paste without IAA was applied, no callus formation was observed, nor did the shoot's diameter increase (Fig. 1c) . Some of the lateral buds in apical parts of the stem segments without IAA developed new shoots, whereas the buds in segments treated with the synthetic auxin remained inactive during the period of culture.
Observations of the callus usually revealed an unorganized arrangement of parenchyma cells, which is a typical characteristic of this tissue. In the area of callus, about 150 μm above the cut shoot surface, radial clusters of tracheary elements were observed as shown in three typical sections in Figure 2A . the lignified tracheary elements occurred mainly in areas closer to the cambial region of the wounded shoot (Fig. 2B) . At distances further away from the cambium, tracheary element clusters occurred in lower densities. these clusters were shorter in the radial direction and wider in the tangential direction as compared to clusters near the vascular cambium (Fig. 2c, D) .
the cellular ordering within the callus tissues was measured using the image analysis software using a representative group of eight calluses. typical results are shown in Figure 2E . the measurements are presented in a colour-coded map of local predominant cellular orientation on tissue images (Fig. 2D) . Spatial distribution of the colours on the map indicates the radial direction of the predominant cellular orientation within the width of the callus ring above the cut shoot surface. Measurements of the coherency coefficients were performed on eight locations within the callus (Fig. 2E) . Four samples were located close to the cambial zone on the cut shoot surface (1-4) ; the four remaining samples were taken at distances further from the cambium and closer to the outer boundary of the callus ring (1'-4'). the numerical values of coherency coefficients indicate a higher degree of cellular ordering near the cambial zone, as compared to those from the regions located at distances further from the shoots' vascular cambium (Fig. 2E) .
Shoot below the cut surface
the increase in thickness of the IAA-treated shoots near the apical cut surface (2 mm) was the result from higher cambial activity (Fig. 3A) , mainly producing rows of unlignified parenchyma cells. later-formed cells had lignified walls. thus, a parenchymatous layer (about 10-20 cells in a radial direction) that was visible in transverse sections separated the two layers of xylem formed before and after the time of wounding (Fig. 4A) . In the area closer to the apical end, where the shoot was thicker, the larger radial dimension had a wider zone of both parenchyma and xylem cells. the parenchyma zone became thinner with increasing distance from the cut surface, and at about 15 mm below the wound it disappeared, while the amount of newly formed xylem cells was also less. In certain cases, the transverse sections close to the cut shoot surface showed that the first formed vessels were radially elongated and had bordered pits in some wall regions. this may indicate that the first formed vessel elements were oriented obliquely with respect to the shoot axis (Fig. 3B) . In cases where no IAA was applied to the apical cut surface of the shoot, no cambial activity or differentiation of xylem elements were observed in the shoot regions below the cut surface (Fig. 3c) .
In the parenchyma layer, some of the cells differentiate into the xylem rays ( Fig.  4A & B) . Applying the digital image analysis software for measurement, the cellular ordering within the parenchyma layer revealed low coherency coefficient values in the region of unorganized cells (areas 1 and 2 in Fig 4c) that were formed at the beginning of the experiment. the higher values of this characteristic were found in the area where the xylem rays start to differentiate (areas 3 and 4). DIScUSSION the application of auxin (1.0% IAA) on the apical transverse cut surface in the stem stimulated an intensive proliferation of the callus. the tissue was composed primarily of unorganized parenchyma cells. tracheary elements with a characteristic spatial pattern differentiated from the callus tissue: directly above the cambial zone in the transverse cut surface, these elements formed radially-aligned clusters. the further the clusters were from the vascular cambium, closer to the outer surface of the callus ring, the sparser they became. the image processing software based on a structure tensor that was used to measure the angular orientation of cellular structures showed that these structures were predominantly oriented radially along the entire width of the callus ring. It should be noted that the results of angular orientation measurements concern all types of cells present in the analyzed tissue. this means that the observed radial orientation of tracheary elements is consistent with the predominant angular orientations of all types of cells present in a given region, including parenchyma cells, which constituted the dominant type of cells. Measurements of the coherency coefficients of cellular structures in the region of the callus showed that cells above the cambial region were ordered to a greater degree than cells in regions located farther away, closer to the outer layers of callus rings. a decrease in coherency coefficient values was accompanied by a less frequent presence and a less clear radial orientation of tracheary element clusters. this was related to the fact that these radially oriented clusters were shorter and wider as compared to the more elongated clusters closer to the cambium.
Xylogenetic processes in the callus observed in this study occurred in the tissue induced to grow by the application of IAA. callus did not form in samples that were only wounded (i.e., those for which no exogenous auxin was applied). However, perhaps the observed effects should not be analyzed only from the perspective of a direct effect of IAA on morphogenetic processes. taking into account that the applied synthetic auxin concentration was high (1.0%), some of the observed xylogenetic processes could be expected to have been related to the effects of auxin-induced ethylene production (Yoshii & Imaseki 1981; Hansen & Grossmann 2000) . In addition, the potential effects of wound-induced production of ethylene (Fahn 1988; Morgan & Drew 1997) and jasmonate (Koo & Howe 2009) can also be involved. Directed division and growth of cells play a major role in the development of callus tissue and cell ordering processes (Fahn 1990; Hejnowicz 2002) . Some authors state that these processes may be related to mechanical stresses that can occur due to interactions between cells in developing tissues and organs (Brown & Sax 1962; Brown 1964; Makino et al. 1983; Dumais 2007; Hejnowicz 2011) . the importance of this factor in morphogenetic processes in regenerating tissue of woody plants may still be questioned due to insufficient experimental evidence on mechanical stresses within a developing tissue. the present study did not involve a biomechanical analysis. Nonetheless, it can be assumed that the radial pattern of the predominant angular orientation may correspond to a hypothetical field of mechanical stresses in the callus tissue that formed a ring on the cut surface of the stem. It should be noted, however, that spatial patterns of numerous physical fields representing extremely different physical phenomena are often similar and described by the same mathematical equations, because the common element to all these phenomena is 'space', the framework of physics and biology (Feynman et al. 1964) .therefore, so far there are no sufficient grounds to claim that mechanical stresses were engaged in the regulation of ordering and xylogenesis in the analyzed calluses.
In stems for which auxin was applied exogenously below the surface of the cut (2 mm), the first non-lignified cells at the border of the growth ring are parenchymatous, with only the subsequent cells showing a structure of tracheary elements typical for the secondary xylem of willow. Similar parenchymatous structures were described in the xylem of wounded stems in other tree species (Lev-Yadun & Aloni 1991 Lev-Yadun 1994 . the results obtained in these studies may suggest that the appearance of a parenchyma cell layer in this region was related to the wounding itself. thus, in the case of willow we may expect that the parenchyma layer was due to wounding rather than to an apically applied synthetic auxin. Image processing software based on a structure tensor in this region of the tissue showed that before the typical xylem tissue began to develop in the parenchyma layer, the ordering degree of cells increased, as indicated by higher values of coherency coefficients. Higher coherency coefficient values found for the region of parenchyma cells near the rays in the secondary xylem formed outside the parenchyma layer indicate that cellular ordering precedes the regrowth of secondary xylem.
the obtained results showed that digital image analysis software based on a structure tensor appears to be a useful tool for measuring the degree of cellular ordering in various regions of regenerating plant tissue. It seems that a wider application of this tool may create new opportunities for a more comprehensive approach in research on complex mechanisms responsible for the development of cell and tissue patterns in plants.
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